Abstract. Ultrafast nonthermal melting of femtosecond laser-irradiated germanium was observed directly for the first time using sub-picosecond, 1.54-angstrom x-ray diffraction. Such measurements allow the study of transient atomic motion fundamental to many processes in physics, chemistry, and biology.
Introduction
Many fundamental processes in nature, such as chemical and biochemical reactions and phase transitions, involve changes in the structure of matter, i.e. the rearrangement of the constituent atoms and molecules, occurring transiently on time-scales comparable with the natural oscillation periods of atoms and molecules, that is femtoseconds to picoseconds. Ultrashort pulse lasers with such pulse durations have been used for more than two decades to optically pump and dynamically probe a wide array of atomic and molecular, solid-state, and plasma systems, including extreme states of matter normally found only in stellar or planetary interiors and experimentally accessible only by the rapid heating and inertial confinement made possible with ultrashort-pulse irradiation [1, 2] . Indeed, with the awarding of the 1999 Nobel Prize in Chemistry to Ahmed Zewail for "showing that it is possible with rapid laser technique to see how atoms in a molecule move during a chemical reaction," the power and utility of ultrafast, optical-pump optical-probe spectroscopy are clear. In such experiments, though, the visible light used inherently cannot resolve atomic-scale features, but rather interacts with valence and free electrons. The deeper lying core electrons and nuclei that most directly delineate structure are not directly probed. Angstromscale x-ray radiation, with wavelengths comparable to inter-atomic distances, is well suited to measure structure and atomic rearrangement, and can measure structural dynamics in the interior of samples that are not transparent to ordinary light. Recently, sub-picosecond sources of hard x-rays have been developed [3] [4] [5] , making possible new classes of experiments in physics, chemistry and biology [4, [6] [7] [8] [9] [10] . Visible-pump, x-ray-diffraction-probe experiments which measure the generation and propagation of coherent acoustic pulses in bulk gallium arsenide crystals have been reported [6] , with milliangstrom changes in lattice spacing measured with picosecond temporal resolution. Here, we report the first direct observation, using time-resolved x-ray diffraction, of ultrafast non-thermal melting of short-pulse irradiated germanium [7] .
In general, if a solid is heated to, or above, the melting temperature, nucleation of the liquid phase occurs around crystal defects or inclusions, usually at the surface itself, and the rate of phase change depends upon the degree of superheating of the solid. In the case of laser irradiation of an absorbing crystalline semiconductor, incident optical energy is initially coupled to the carriers, which undergo band-to-band transitions. Intra-band relaxation and non-radiative recombination cause delayed heating of the lattice [11] , which exceeds the melting temperature within several picoseconds. For irradiation with pulses longer than several picoseconds and for near-threshold femtosecond pulses, following nucleation of the liquid phase at the surface, a thin liquid layer grows into the bulk of the material at a velocity limited by the speed of sound, but typically at a rate on the order of angstroms per picoseconds. In contrast, for fluences twice the melting threshold or greater [12] [13] [14] [15] a significantly faster, sub-picosecond change of the linear optical properties at the surface is seen, with reflectivities reaching values equal to that of the conventional liquid phase in a few hundred femtoseconds [15] . In other experiments, a reduction in the second-harmonic-inreflection signal, suggesting a sub-picosecond loss of crystalline order at the very surface, was also seen [12, 14] . These observations indirectly indicate that an ultrafast solid-to-liquid phase transition occurs at the surface of the semiconductor on a time-scale faster than carrier-lattice equilibration times. The possibility of making atom-scale structure-sensitive measurements on an ultrafast timescale to directly observe nonthermal melting has been a goal of ultrafast spectroscopy for decades.
In order to directly observe the non-thermal loss of crystalline order both at the surface and in the bulk of the semiconductor lattice, we have performed timeresolved, optical-pump ultrafast-x-ray-diffraction-probe experiments on laserirradiated germanium [7] . Our experimental setup consisted of a visible pump, xray probe apparatus, where the 8-keV (1.54-Å) bursts of Cu-K α line radiation were generated by focusing 80-mJ, 30-fs pulses from a multi-terawatt laser [16] at relativistic intensities onto a moving copper wire. X-ray pulses emitted from the plasma point source were diffracted by a photo-excited (111)-Ge crystal in a symmetric Bragg configuration and recorded with a photon-counting area detector. The optical pump pulse, split off from the x-ray generating laser pulse, was independently adjustable in both energy and pulsewidth. The pump fluence was first empirically set, using a silicon wafer target, to the melting fluence of silicon, as evidenced by post-irradiation examination, and then increased to 0.5 J/cm 2 , more than twice the known melting-threshold for germanium. To avoid plasma formation in air or at the surface of the sample, the pump-pulse duration was increased to 100-fs, where no effects of plasma formation were observed. Three samples, nominally 160-nm thick, were used, consisting of single crystal germanium films grown using a novel surfactant mediated growth technique [17] over large areas of single crystal silicon substrates. Diffraction images were measured at different pump-probe time delays (Fig.  1) . The K α1 and K α2 spin-orbit-split lines of Cu are clearly resolved with bulk germanium (not shown) with linewidth-limited resolution, but with the 160-nm films, we measure the line-width-convolved rocking curve of the thin film and do not resolve the individual K α1 and K α2 lines. The diffraction image taken at +6-ps delay (Fig. 1B) shows an area of reduced diffraction, indicating disordering in the center of the pumped spot. At later time delays (Fig. 1C) the area widens over which the reduced diffraction (and hence disordering) takes place. A slower disordering process is observed in the outer areas of the pumped spot, where the fluence is closer to the melting threshold. The image taken at +107-ps delay (Fig.  1D) shows a broad disordered area, as well as a shift of the reduced-intensity Bragg line, in the pumped region, toward lower diffraction angles, suggesting that the solid germanium layer beneath the melt is strained due to thermal expansion [6] . Finally, a non-rastered diffraction image (Fig. 1E) , taken several seconds after irradiation on a vertical sequence of single-shot damage spots, shows nearly complete recovery on a semi-infinite timescale.
In the plot of the integrated diffraction from the center (solid line) and edge (dashed line) of the pumped spot as a function of visible pump, x-ray probe delay (Fig. 2) , the signal from the central region shows a sharp drop of ~20 % within the first seven picoseconds, limited by the time-delay between measurement steps, while the edge region retains the reflectivity of the unpumped crystal. A slower decay in integrated diffraction is seen in parallel in both regions on a longer timescale, and a drop in integrated diffraction of ~50% in the central region (~20% on the edge) is observed at 40-ps delay. At 107-ps delay, an increase in the diffraction signal is seen, possibly due to the fact that the expanded solid germanium has higher integrated diffraction efficiency than the unstrained crystal [7] . At infinite time-delay, the diffraction signal recovers, for both regions, to ~90% the initial value, showing that (111)-crystalline order in the molten region is reestablished on the long time-scale, with the incomplete return most likely due to partial ablation at the surface, where the fluence is high enough to generate a super-heated liquid, or possibly amorphous recrystallization of the molten germanium. This clearly rules out the possibility of a solid-gas or solid-plasma phase transition and shows that we're seeing a solid-to-liquid phase transition, followed by recrystallization. These results demonstrate the ability of present-day ultrashort-laser driven xray sources to study transiently generated extreme states of matter. While further studies of important outstanding problems related to the structure of superheated solids and transient liquid phases [1, 2] are natural extensions of this work, expected improvements in table-top laser-driven plasma sources should extend the reach of ultrafast x-ray diffraction to the dynamic study of many other ultrafast processes in physics, chemistry, and biology, including the ultrafast atomic and molecular dynamics by which other solid-state processes and chemical and biochemical reactions take place.
